Robust generation of entanglement between two cavities mediated by short 

interactions with an atom 



(N 
O 

o 

(N 

> 
O 



> 



0^ 
O 

(N ■ 

o ■ 

:^ 

Oh: 
a 



Daniel E. Browne and Martin B. Plenio 
Blackett Laboratory, Imperial College London, London SW7 2BW, UK. 
(Dated: February 1, 2008) 

Current methods of preparing maximally entangled states in the laboratory need an extremely 
accurate control of interaction times, requiring sophisticated experimental techniques. Here, we 
show that such precise control is not necessary when one utilizes short or weak interactions followed 
by measurements. We present a scheme for the probabilistic generation of Bell states in a pair of 
cavities, after each has interacted briefly with an atom. The advantage of the scheme , as compared 
to present schemes, is its low sensitivity to the exact values of experimental parameters such as 
atomic velocity and coupling strength, in fact, for a large range of parameters the fidelity of the Bell 
states generated remains close to unity. 

PACS numbers: 03.67.-a, 42.50.-p, 03.65. Ud 



I. INTRODUCTION 

In recent years entanglement, a fundamental feature 
of many-body quantum mechanical systems, has come to 
be seen as a useful resource for many tasks in quantum 
information processing ||, [sj. In particular, certain 
states have been identified, which can be directly used 
for many such tasks. Foremost among these are the so- 
called Bell states, also known in the literature as EPR 
states, which exhibit the maximum entanglement which 
a two qubit system can possess. Such states are the fun- 
damental ingredient of in a variety of quantum informa- 
tion processing protocols (see |||, g, ^ for details). Bell 
states are also of relevance to the study of the founda- 
tions of quantum mechanics. It was shown by Bell ^ 
that these states possess correlations which are incom- 
patible with a local realistic theory (see |^ for a review) . 
Thus, a loophole-free demonstration of such correlations 
would have profound implications for our understanding 
of the physical world. For these reasons, then, it is impor- 
tant to be able to generate Bell states in the laboratory, 
and many experimental proposals have been put forward 
and realized in both optical |^, |^ and atomic systems 
1,0. 

This paper contains a proposal for a scheme utiliz- 
ing the techniques of cavity QED to generate Bell states 
between the modes of two spatially separated cavities. 
Rauschenbeutel and coworkers have generated Bell states 
between two modes in a single cavity using a Rydberg 
atom JT]| coherently interacting with each mode in turn. 
This scheme could be adapted in a straightforward way to 
generate such states in spatially separated cavity modes. 
Cabrillo et al have proposed a non-deterministic scheme 
to generate Bell entangled states between atoms condi- 
tionally, by driving them with a weak laser pulse, and 
subsequently detecting a photon spontaneously emitted 
by one of the atoms Protsenko and coworkers have 
then shown that this scheme can be adapted to imple- 
ment quantum logic gates At the same time Plenio 
et al have developed schemes to entangle atoms inside op- 
tical cavities and between atoms in different cavities via 



spontaneous decay |T^, ^ . Various other conditional 
schemes and deterministic schemes have been proposed 
which employ the detection of photons to generate entan- 
glement and perform quantum computation |17, ^ p^ . 
In schemes such as these, however, a very precise control 
of the experimental parameters is required. Such a pre- 
cise control of experimental parameters is often difficult 
to achieve. Generally it is desirable to devise schemes in 
which the requirements on the experimental control are 
as small as possible. Such schemes would then be far 
more robust to errors and would generally lead to much 
improved fidelities of the generated states. 

In this paper, we present a novel proposal for the ro- 
bust experimental generation of a single photon entan- 
gled Bell state 1^-+) = ^^(10)^11)5 + |1)a|0)b) in the 
modes of two spatially separated cavities, labeled A and 
B. The cavity modes do not interact directly, but the 
generation of the entangled state is mediated by a res- 
onant atom. This atom, prepared in its excited state, 
passes through the two cavities, prepared in their vac- 
uum state, and interacts with each for the same short 
effective interaction time. The internal state of the atom 
is then measured. Depending on the outcome of this 
measurement, either a high fidelity Bell state has been 
generated, or the cavities have returned to the vacuum 
state, and are ready for the process to be repeated with 
a fresh atom. The scheme has the advantage that pro- 
vided the interaction times between the atom and both 
cavities are the same, which can be attained if a well- 
coUimated atomic beam is utilized, the actual value of 
this interaction time can vary within a large range of val- 
ues, without greatly affecting the fidelity of the Bell state 
produced. This would reduce the need for velocity selec- 
tion of the atoms and for the sophisticated timing and 
feedback required to tune the interaction times in other 
experiments. Additionally, the interaction times, which 
this scheme would utilize, can be much shorter than in 
non-conditional schemes, which would reduce the effects 
of decoherence during the entanglement generation pro- 
cess. 
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FIG. 1: A schematic diagram of the layout of the scheme. 

In section ^ we introduce the proposed scheme in de- 
tail. We begin by discussing the scheme in the limit where 
the effective duration of the atom-cavity interactions is 
very small, and the same in both cavities. We then dis- 
cuss the fidelity of the state generated by a successful 
run of the scheme with finite interaction times and cal- 
culate the probability that a single run of the scheme is 
successful. We find that, in a wide range of interaction 
times, the probability of success is suitably high, and the 
fidelity of the generated state is close to unity. In sec- 
tion III we discuss practical aspects of impleme nting our 
scheme in three subsections. In the subsection [II A, we 



discuss specific physical systems with which the scheme 
could be implemented. In the two subsections which fol- 
low this we consider two practical aspects of the scheme 
which would pose particular requiremen ts to any imple- 
mentation of the scheme. 
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we look at 



In subsection 

the effect on the scheme of inaccurate control of the path 
of the atom through the cavities due to poor coUimation 
of the atomic beam. This would lead to non-equal inter- 
action times in the two cavities, potentially reducing the 
fidelity of the state generated. In subsection III C , we 



discuss how employing detectors with less then perfect 
efficiency would affect the scheme. 



II. THE PROPOSED SCHEME 

In this section, we will describe the proposal which is 
the main focus of this paper, a scheme to generate the 
entangled Bell state l^'"'') in two spatially separated mi- 
crowave cavities. Two identical cavities, labeled A and B, 
are positioned as in figure |l|, such that their axes are par- 
allel, and their centers in alignment. The cavities must be 
prepared in their vacuum state. This can be achieved, for 
example, in microwave cavities by cooling to low temper- 
atures. Two-level atoms, whose transition between the 
ground state \g) and excited state |e) is resonant with 
modes of the cavities, are used to mediate the genera- 
tion of the entangled state in the cavities. The atoms 
are prepared in their excited state, |e). They are then 
passed, one at a time through the center of both cavities, 
such that the effective interaction time with each cavity 
is much less than the period of a one-photon Rabi oscilla- 
tion. Upon leaving the second cavity and before the next 
atom enters the cavities, the internal state of the atom 
leaving the cavities is measured. For brevity in this pa- 
per, let us refer to the process of a single atom passing 
through both cavities and being measured as a "run" of 



the scheme. The outcome of the measurement is non- 
deterministic. If the excited state |e) is detected, then 
no entangled state has been generated in the cavities, we 
thus refer to a run which ends in such a measurement as 
a "null run" After a null run, the cavity is reset to its 
initial state, so a further run can be implemented imme- 
diately. If the ground state \g) of the atom is detected 
at the end of a run, a state is generated in the cavities, 
which, so long as certain conditions are fulfilled, as de- 
scribed below, is very close to the Bell state |vE'"'"). The 
process is complete at this point, and we shall thus label 
this a "successful run" . 

Before we describe the scheme in detail, let us sum- 
marize how the resonant interaction between atom and 
cavity is described. Consider a two-level atom with en- 
ergy levels \g) and |e), separated by a transition energy 
resonant with a mode of the cavity. The atom is situ- 
ated at position r within the cavity, whose modes are 
described by field operators a and a^. Since the atomic 
transition is resonant with the cavity mode, the internal 
atomic state interacts with this mode via the following 
Hamiltonian, in the interaction picture, where the rotat- 
ing wave approximation has been employed. 



H ^hgou{r){a^\g){e\+a\e){g\). 



(1) 



Here go describes the strength of the coupling. When 
the atom is situated in the center of the cavity, the one- 
photon Rabi frequency is go /it. The spatial variation of 
the cavity field is contained in the mode function u(r). 
If we consider an atom moving through the cavity on a 
classical path r(i), the mode function can then be written 
as a function of time u{t). Since all the time-dependence 
in H is contained in the unitary evolution of the 

system can be written as follows 



U = exp 



(2) 



where H = H/u{r) is the interaction Hamiltonian for an 
atom situated in the center of the cavity. In this arti- 
cle, we will consider cases where the atom travels on a 
straight path through the cavity, and can thus introduce 
the total effective interaction time r = u{t')dt' to 
characterize the interaction. The complete unitary evo- 
lution of of the system due to the interaction C/totai is 
then 



C/totai = exp 



(3) 



In our scheme, the atom passes through and interacts 
with two cavities in turn, labeled A and B. Let us la- 
bel the interaction Hamiltonians for the interaction be- 
tween the atom and each cavity Ha and Hb respectively. 
These take the same form as H in equation (|l|) for each 
respective cavity. Analogously let us label the interaction 
Hamiltonians for the atom in the center of each cavity Ha 



3 



and Hb- The cavities are assumed to be identical and 
thus the coupHng constant is the same for both. Let us 
consider how the state of the system will evolve if a res- 
onant atom, initially in its excited state, passes through 
and interacts with the cavities, one after the other. If 
the cavities are initially in some pure state IV'cav)- The 
initial state of the atom-cavities system is thus |e)|V'cav)- 
The atom is passed through both cavities such that the 
effective interaction times are ta and tb- After these 
interactions, the quantum state of the system has under- 
gone a unitary evolution described by the operator Uab 



Uai 



(4) 



In the scheme we propose, the cavities are aligned as 
shown in figure ^ and the atom passes along the straight 
line through the center of both cavities at constant ve- 
locity. This means that the effective interaction times 
between the atom and each cavity will be equal. It may, 
of course, be difficult to control the path of the atom with 
sufficient accuracy that the interaction times are e xactly 
equal, and the effect of this is discussed in section IIIB. 
For now, however, let us assume that ta and tb are equal, 
and write them both r. In the limit when the effective 
interaction times are very small, i.e. when g^r <C 1, Uab 
can be expanded to the first order in goT, and takes the 
following form 



Uai 



.Hat 



.Hut 



h h 

iaA + aB)\e){g\ + {a\ + al)\e){g\ 



(5) 



The state of the system after the atom has left the 
second cavity, is \ip) — C^isl^Ainit), in this limit 

IV') ~ |e)|V'cav) -igoT\g){al^ +alj)|?Acav)- (6) 

When the state of the atom is now measured, the cav- 
ity modes are projected into one of two states, depending 
on the measurement outcome. If |e) is detected, the cav- 
ity returns to its initial state. This is important for a 
non-deterministic process, because it means that it can 
be repeated immediately from the same starting condi- 
tions. If the ground state |f;) is detected, the cavity 
modes are now in the state, neglecting normalization, 
(aj^ -|- a^)|-!/'cav)- Thus, if the cavities are initially in the 
vacuum state, the state generated in the cavities would 
be {a\ + a^BMA\0)B = |l)A|0)s + |0)A|l)i3, which, when 
normalized is the Bell state l^l/^) introduced above. 

If, following a successful run, one were to repeat the 
scheme immediately and carry on until n atoms had 
been detected in the ground state, in the limit that 
goT is small, the state generated would have the form 
(a^ -|- a^)"|'0cav), or, if the cavities are initially in their 
vacuum state, (a]^ + a^)"|0)A|0)_B. This is equivalent 
to the state produced when a n-photon Fock state and 



a vacuum state are incident together on a 50:50 beam 
splitter. However, numerical results have suggested that, 
the fidelity of states produced via this method would 
decrease swiftly with increasing n. This is due to two 
reasons, firstly, the short interaction time approximation 
becomes worse when higher photon numbers are present 
in the cavities since the timescale of the interactions is 
faster (the Rabi frequency scales with ^/n + 1), secondly, 
when more than one photon is in the cavities, a null run, 
the measurement of the atom leaving the cavities to be 
in its excited state, does not reset the state of the cav- 
ities to the state before the run, so, as more repetitions 
are made, the fidelity of the final state gets worse and 
worse. For these reasons, this does not appear to be a 
good scheme for the generation of such states. 

However, as we will show below, the generation of 
single-photon Bell states is not affected by these prob- 
lems. Firstly, we find that the fidelity of the generated 
state remains close to unity for values of gQT much greater 
than the above approximation would be valid. Secondly, 
in this case, null runs reset the state of the cavities to 
the vacuum state exactly, so the fidelity of the state gen- 
erated is unaffected by the number of runs which were 
required. In the limit that goT tends to zero, the prob- 
ability of the detector measuring a ground state is ap- 
proximately 2((7ot)^, which, in this limit, is vanishingly 
small. In a practical scheme, one would need to work in 
a parameter range, where the probability of success was 
high enough that few repetitions would be required to 
achieve a successful run. This is the case for higher values 
of goT, where the above approximation would no longer 
be valid. Fortunately, starting with the simple pure state 
|e) |0)y!i|0)B, it is straightforward to solve the Schrodinger 
equation and calculate exactly the state of the system 
after the interactions have taken place. This state 
under the assumption that the interaction times t are 
exactly equal is, 

=cos^(5roT)|e)|0)A|0)B -icos{goT)sm{goT)\g)\0)A\l)B 
- ism{goT)\g)\l)A\0)B- 

(7) 

Let us consider a measurement of the atom's state. If 
the excited state is detected the state of the cavities is 
projected back to the vacuum state, independent of r, as 
in the approximate case. This resets the cavities to their 
initial state, so the process can be immediately repeated 
with a fresh atom. 

If the ground state is detected, the following entangled 
state is generated in the cavity. 



cos(gor)|0)A|l) 



\1)a\0)i 



(8) 



where normalization has been omitted. As goT ap- 
proaches zero, this tends to the desired state l^"*"). One 
can quantify how close this state generated is to |^'+) in 
terms of the fidelity F = |(^'+|'(/'cav)P- 



cos(5ot) 



2 ' cos^Cgo-r) + 1 
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16 



O{{goi 



(9) 
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FIG. 2: The fidelity of the BeU state generated in the cavity 
modes after a successful run, plotted against qqt with values 
from to 1. Note that the values of gor corresponding to a 
full Rabi oscillation in each cavity is gor = n . 



the fidelity of the state required. The higher the value of 
goT chosen the higher the success probabihty will be but 
the lower the fidelity of the state generated. If, for ex- 
ample, fidelities of 0.95 were acceptable, and a minimum 
success probability of 0.5 were desired, the scheme could 
operate between approximately goT = 0.6 and goT = 0.9. 
The exact value oi goT, however, can lie anywhere in this 
range, so no fine tuning of the interaction time is re- 
quired. Note that even if extremely high fidelities such 
as 0.999 are required, the necessary parameters (up to 
goT = 0.35), still allow a success probability of up to 
0.22, meaning that a successful run would probably be 
reached after 4 or 5 repetitions. 



III. PRACTICAL CONSIDERATIONS 
A. Implementation 
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FIG. 3: The probability that a single run will lead to the de- 
tection of the atom in its ground state, and thus the successful 
generation of a Bell state, plotted for values of gor from to 
1. 

This is plotted in figure ||. We see that the fidelity re- 
mains very close to unity for a surprisingly large range of 
goT. For example, the fidelity remains above 1 — 4 x 10^'^ 
for goT = 0.5. Additionally, the function is extremely 
fiat in the wide range of values between goT = and 
goT — 0.5. Therefore the scheme would be insensitive to 
variations in the interaction times within this range. 

For the scheme to be useful, the probability of a single 
run leading to the successful generation of an entangled 
state, Psuccossj needs to be high enough that prohibitively 
many repetitions are not required. 

^success = 1 - cos^goT) = 2{goTf + 0{{goTf) (10) 

The success probability is plotted in figure |3[ For g^r — 
0.5, this probability is approximately 0.4, so a successful 
run would probably be achieved in 2 or 3 repetitions. The 
optimal parameter range for the scheme depends upon 



The above description is quite general and no particu- 
lar type of atom or cavity has been specified . A number 
of aspects must be considered in the choice of a physical 
system to implement the scheme. Firstly, it would be de- 
sirable that the entangled states, once generated, would 
be as long-lived as possible. This favors microwave cav- 
ities over optical cavities, since the lifetime of a photon 
in an optical cavity is currently at the very most one mi- 
crosecond |20| , whereas microwave cavities with a photon 
lifetime of a millisecond have been made It takes 

an atom traveling at 500ms~^ around 20/j,s to traverse 
a typical microwave cavity, which is much smaller than 
this lifetime, so there would be sufficient time for further 
atoms to probe and interact with the cavity mode before 
the entangled state has dissipated. If a microwave cav- 
ity is used, an atom with a microwave transition is then 
needed. Microwave transitions occur in atomic fine and 
hyperfine structure, however dipole transitions between 
these states are forbidden, and their interaction with the 
cavity mode would be much too weak to implement this 
scheme - the interaction times that would be required 
would be much greater than the photon lifetime of the 
cavity. Rydberg atoms, on the other hand, although 
more difficult to prepare, have large dipole moments and 
thus would interact strongly with cavity modes. 

Experiments have been carried out, for example by 
the Paris group of Haroche and coworkers ||2l|, which 
have parameters close to that required in this scheme. 
Recall that our scheme requires that the product of pa- 
rameters 50 E^nd T is at the minimum 0.2 and maximally 
0.5 to 0.8, depending on the fidelity of Bell state one 
wants to generate. In the Paris experiments, a Rydberg 
atom interacts with a microwave cavity Rydberg atoms 
interact resonantly with microwave cavity modes with a 
Rabi frequency of approximately 47kHz. This means that 
go = 470007rs"^ = 1.48 x lO^s"^ Atoms in an atomic 
beam from an oven source travel at speeds of the order 
of hundreds of meters per second. In the Paris experi- 
ment atoms with a speed of 500ms~^ are selected. This 
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means that the effective interaction time is such that a 
single Rabi oscillation is performed, i.e. g^r = it. This 
is a factor of 4 to 8 lower than the parameter range for 
our scheme. It would be difficult to lower r by using 
faster atoms, since the velocity of the atoms scales with 
the square root of the atom oven temperature, so a lower 
go would be required. This could be obtained be using 
a larger cavity, and since go scales with l/VV = 
so a cavity of mirror separation 3 or 4 times as great as 
in the Paris experiments would lead to a effective inter- 
action times in the required range. Thus Rydberg atoms 
and microwave cavities could be employed to implement 
the scheme. 

The disadvantage in using Rydberg atoms is that, at 
present, the efficiency of state detection schemes is low. 
In for example, they report a detection efficiency of 
40%. We will discus s the implications this has for the 
scheme in subsection [II C. First, however, we consider 



the effect on the fidelity of the entangled states produced 
in the scheme if the path of the atom through the cavities 
is not well controlled and deviates from the line through 
the center of the cavities. 



B. The Atomic Path 

If the effective interaction times with both cavities 
are not exactly the same, this can reduce the fidelity of 
the entangled state produced by a successful run of the 
scheme. In our discussion above, we assumed that the 
two interaction times were exactly equal. In practice, 
however, it could be difficult to control the path of the 
atom so precisely. Let us consider first the effect that dif- 
fering interaction times would have in the fidelity of the 
Bell state generated by a successful run of the scheme. 
Let the effective interaction between the atom and cav- 
ity A and the atom and cavity B be r and t(1 — e). We 
can rewrite equation (|^), to take the differing interaction 
times into account, and find the following expression for 
the fidelity of the entangled state generated by a success- 
ful run of the scheme. 



F ■ 



1 ^ cos(gor) sin(goT) sin(ffoT(l - e)) 

2 cos2(goT) sin^(goT(l - e)) + sin^(.goT) 



(11) 



The fidelity is plotted for goT — 0.5 as a function of e in 
figure ^ The asymmetry of the plot is partly an artifact 
of the choice of parameterization, but, if we take this 
into account, by plotting F again ln(l — e), as in figure]^, 
we see that the asymmetry remains. This is due to the 
asymmetry in the scheme itself regarding the interactions 
with the two cavities. When the atom enters the first 
cavity it is always in the product state |e), whereas, when 
entering the second it is always entangled with the first 
cavity. This makes the interaction with cavity B in some 
sense, slightly weaker, and is the reason that the maximal 
value of F occurs when e has a small negative value. 
The slightly longer interaction time compensates for the 
interaction being slightly weaker. 
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FIG. 4: The fidelity of the Bell state generated in the cavity, 
if the effective interaction times are r and t(1 — e) for the 
interactions with cavities A and B respectively, is plotted here 
as a function of e for qqt = 0.5. 
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FIG. 5: The fidelity of the Bell state generated in the cavity 
plotted again as a function of e for gor = 0.5, this time plotted 
against ln(l — e). 



Since it is reasonably easy to position the cavities in 
the desired place to very high precision, let us assume 
that they are perfectly aligned in the layout illustrated 
in figure |^. The factor which would be harder to control 
would be the atom's path through the apparatus, since it 
would be traveling on a ballistic path after being ejected 
from a heat oven, and although such atomic beams can be 
highly coUimated, there will generally be a small amount 
of spread in the transverse direction, meaning that the 
atom's path will diverge slightly from the central path. 

To calculate how much this would affect the interac- 
tion times we consider the cavity geometry. The spher- 
ical mirrors commonly used in cavity QED experiments 
support Gaussian cavity modes, which have the following 
mode function 



y^z) — e cos — — , 
A 



(12) 



where wo is the mode waist. The z-axis lies along the line 
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FIG. 6: A general straight line path through the cavities can 
be defined in terms of the parameters yo, zo, (j) and 6, where 
distances are measured in meters and angles in radians. This 
figure illustrates zo and 9, the other two parameters, j/o and 
(j>, are equivalently defined in the perpendicular x — j/-plane. 
The distance between the exit of the collimator and the center 
of cavity A is Dq. The distance between the centers of the 
cavities is D\. 



connecting the centers of the two mirrors and the origin 
is in the center of the cavity. The waist of a Gaussian 
mode, Wo, is a function of the cavity geometry and the 
field wavelength. 



Wo 



27r 



^/R 



(13) 



where L is the separation between and R the radius of 
curvature of the mirrors. If the atomic travels along the 
central axis of the cavity with constant speed v, the ef- 
fective interaction time is y/nwo/v. Let us consider a 
general straight path through the system, which can be 
defined in terms of four parameters, yo and zq, the initial 
displacements from the central line in the y and z direc- 
tions, and (f) and 9 the angles between the atomic path 
and the central line in the y and z directions, illustrated 
for Zo and 9 in figure I We can calculate the effective in- 
teraction times between the atom and cavity as it travels 
along this path with speed v and find, that the interac- 
tion time with each cavity, in terms of displacements 6y 
and Sz which differ for each cavity, is 



Tcff 



V cost 



■ exp 



^ (1 _ 

cJq \ cos^ 



exp 



k^ujQ tan^ I 



cos 



k6z — k6y 



cos^ 9 



(14) 



For the interaction with cavity A, Sy = 2/o + cos((/))Do and 
Sz = zo + cos{9)Dq, and for the interaction with cavity B 
Sy = yo + co8{(j)){Do + Di) and Sz = zo + cos{9){Dq + Di). 
We can use these expressions to calculate e in terms of 
these parameters, written here to the second order in yo. 



Zq, 4> and 9 and their products. 



— [{D,4>f + {D^4>){2Do4>) + {2yo){DA)\ 



w, 



27r2 

[{Di9f + {Di9){2Do9) + {2zo){Di9)] 



(15) 



Let us discuss the constraints this would have on the 
collimation of a typical experiment. In the cavity QED 

Ry- 



experiments of Haroche and coworkers |21 



dberg atoms interact resonantly with microwave cavi- 
ties. In a typical experiment, a cavity mode with waist 
Wo = 5.97mm and wavelength A — 5.87mm is em- 
ployed. For e to be small, the quantities in parenthe- 
ses in equation (^|) must be much smaller than wo and 
X/V2TT = 1.32mm. This means that the atomic beam 
must be collimated so that the effective beam radius 
is much smaller than this distance. In |Q an effec- 
tive beam radius of 0.25mm is reported. If we assume 
from this that, in the worst case, this would mean that 
yo,zo ~0.25mm and Di(f),Di9 w0.25mm, we can esti- 
mate that e would be less than 0.2. If goT = 0.8 and 
e = 0.2, this would corresponds to a reduction of the fi- 
delity of the entangled state produced by a successful run 
from 0.96 if both interaction times are exactly equal to 
0.93. Thus, with the beam collimation currently avail- 
able in the laboratory. Bell states with a fidelity high 
enough, for example, to exhibit significant violations of 
the Bell inequalities could be generated. 

Equation ( [l5| ) also provides another reason why optical 
cavities would be unsuitable for the scheme. The typical 
waist of an optical cavity tends to be much smaller than 
that of a microwave cavity , so the demands on the atomic 
beam collimation required if optical cavities were used 
would be extremely high. 



C. Detector Efficiency 

Our analysis in the previous section assumes that the 
atomic state detector has perfect efficiency. In practice, 
the detection efficiency will be less than unity. Indeed, 
as mentioned above, current state detection methods for 
Rydberg atoms have an efficiency of just 40% ||2l|. The 
detection process ionizes the atom, destroying the state, 
so increased efficiency could not be obtained by placing 
detectors in series. A single detection failure will disrupt 
the scheme, since it will cause a mixed state to be created 
in the cavities. The scheme must then be halted, and 
one would then have to wait until this state would have 
dissipated from the cavities, and the cavities have re- 
turned to the vacuum state. Otherwise, if further atoms 
are sent through the cavities immediately, they will in- 
teract with the mixed state, and any "successful" run, 
will have generated a mixed state with much reduced fi- 
delity. Rather than halting the flow of atoms through 
the cavities, their interaction with the cavities could be 
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prevented for the cavity dissipation time by the apphca- 
tion of an electric field to the system, to create a Stark 
shift in the atoms such that they are no longer resonant 
with the cavities. Therefore, one would like a detection 
efficiency high enough that the probability of a detection 
failure, during the typical number of runs needed before 
a successful ground state measurement is made, is low. 
The mean number of runs to generate the entangled state 
in the cavity, if the detector were ideal, is simply the in- 
verse of the success probability. The probability that the 
detector works every time during the process is therefore 
simply ^ which for all values of Psuccess is less 

than or equal to D. Therefore, for a reliable scheme, a 
high detection efficiency would be desirable. 

For example, let us consider an implementation of this 
scheme with Rydberg atoms traveling through the cavi- 
ties such that g^T — 0.5. The success probability Psuccess 
is 40.7% and with current detectors with efficiency 40%, 
Pdet would be around 10%. This would mean, typically 
one would have to repeat the whole process, including 
preparation of the cavities, 10 times before it could reach 
its successful conclusion. However, in light of the fact 
that the cavity dissipation time is of the order of millisec- 
onds, and the time taken for each run much less than this, 
even in this case, the time needed to repeat the scheme 
enough times to generate the Bell state would be a frac- 
tion of a second. 



IV. CONCLUSION 

We have proposed a scheme for the generation of high- 
fidelity Bell states between two spatially separated cav- 
ity modes. The scheme is non-deterministic, but we have 
shown that within the range of parameters g^r between 



approximately 0.3 and 0.9, fidelities higher than 0.95 
are obtained, with success probabilities for a single run 
greater than 1/5 for this entire range. 

The most appropriate physical system to implement 
this scheme would be a combination of microwave cav- 
ities and Rydberg atoms. The low detection efficiency 
for Rydberg states would increase the number of times 
which the scheme would need to be repeated before a suc- 
cessful run, and require extra time after each detection 
failure to allow the mixed state produced in the cavities 
to dissipate. Nevertheless, the scheme would still be suc- 
cessful within a reasonable number of repetitions. The 
scheme requires that the atomic beam used is highly col- 
limated otherwise the fidelity of the states produced may 
b degraded, but the coUimation which has already been 
achieved in current experiments is high enough that this 
effect would be small. 

The principle of using brief interactions and measure- 
ment to generate entanglement, could be adapted to 
many other physical systems, and may be especially use- 
ful in systems where interaction times are hard to control. 
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Note added in proof: After this work was completed, 
we became aware of [ p3| , in which the author presents 
a different scheme for the generation of Bell states in 
two cavities via the passage of a single atom through the 
cavities. 
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